Maximum power point tracking (MPPT) control is a key functionality in solar photovoltaic (PV)-based power conversion systems. A variety of perturbative MPPT control schemes are available in the literature, many of which are voltage-based techniques wherein the PV bus voltage is perturbed and set to the required level by an appropriate converter control that achieves the MPP tracking. However, a comprehensive plant model of the PV-fed converter system and a systematic control design of the PV bus voltage loop that facilitates the design of the MPPT control is not available in the literature. In this article, a detailed small-signal model is proposed for a single-stage PV-fed buck converter that acts as a battery charge-controller. The effects of parasitic storage elements present in the PV source as well as the interconnecting cable from rooftop are discussed in detail, along with the impact of series-parallel connection of the PV modules for power scaling. A full-order as well as a reduced-order model of the system is proposed and the various relevant transfer-functions are analytically derived. Based on this model and the control to converter input bus voltage transfer-function v in / d, a systematic design procedure for the PV bus voltage controller is proposed. It is shown that such a design facilitates the selection of perturbation period of a typical MPPT control algorithm for an improved tracking performance. The steps involved in the system model development and the control design are generalized and can be extended to other converter topologies as well. Active transfer-function measurements and experiments conducted on a 1-kW charge-controller hardware prototype validate the accuracy of the proposed model and the tracking performance of the MPPT control. Index Terms-Battery charging, buck converter modeling, control transfer-function, frequency response analysis (FRA), maximum power point tracking (MPPT), solar PV.
Dynamic Modeling and Analysis of Buck Converter
Based Solar PV Charge Controller for Improved MPPT Performance growing need to meet the energy requirements with the cleanenergy resources [1] , [2] . A pulsewidth modulated (PWM) power converter is invariably required to interface PV with the grid in case of a grid-tied system, or with the battery bank in case of a dual-mode or standalone PV charger system [3] - [5] . A maximum power point tracking (MPPT) control is an essential feature incorporated in these systems that enhances the efficacy of renewable energy extraction. A variety of the MPPT control schemes are available in the literature and in many of these techniques [5] - [11] , PV bus voltage is chosen as the target control variable due to its superior stability characteristics [12] . The PV bus voltage is perturbed and set to the required level that achieves the MPP tracking [12] , [13] . A wide body of the literature exists on the MPPT algorithms along with their comparative study and implementation challenges [5] - [8] , and a significant number of recent research works focus on algorithms that are designed to track the global MPP point under partially shaded conditions of the PV [9] - [11] . However, literature is rather limited on the modeling aspect of the overall PV system that captures the dynamics of the relevant circuit variables, which are essential for the PWM converter control that performs the MPPT function. Often, focus is laid on the tracking algorithm, which typically assumes fast converter dynamics and employs steady-state power relationships for the MPPT analysis [7] , [14] , [15] . In other words, it is typically assumed that the PV converter bandwidth is much faster than that of the MPPT controller speed. The criticality of the converter settling time for the design of perturbative MPPT control is discussed in [12] . Measurement of circuit variables following a perturbation and prior to the settling of the dynamics leads to erroneous computation and inaccurate MPPT performance. However, such a time-scale separation in the bandwidths of the converter and the MPPT controller is not true in general, and must be ensured through appropriate design, which is one of the objectives of this article.
The PV output is typically treated as a current source, and several works deal with boost derived converter topologies for the PV source [16] - [20] . The works in [16] and [17] discussed a PV system model with a boost-converter for standalone applications. However, transfer-function analysis and experimental verification of the proposed model are not presented. In [19] and [20] , buck-boost and the SEPIC converters are, respectively, analyzed for the MPPT operation, but the design of the controller that achieves the required MPPT loop time-scale separation is not discussed. The work in [18] also proposes a buck-boost converter model but for the static PV characterization. Experimental validation of the model, however, is not carried out. In [21] , a boost-converter feeding a standalone load is analyzed in detail for an accurate MPPT performance. However, in all these works [16] - [22] , static single-diode model of the PV is employed for the MPPT, where the analysis of the converter dynamics is performed using a simplified resistive R-model for the PV source. The effects of dynamic storage elements present in the PV source, such as its diffusion capacitance, and the impact of the interconnecting cable that interfaces the rooftop PV installation with the power converter, are not analyzed. However, the PV diffusion capacitance magnitude can be significant depending on the size of the semiconductor PV panel [23] , [24] . The PV module energy storage elements are discussed primarily from the panel physics perspective, with limited studies on their impact on the power converter system [23] , [25] . The interaction of the large PV capacitance with the interconnecting cable inductance and the converter dynamics, along with the effects of scaling of the PV capacity by the series-parallel connection of multiple modules, are not comprehensively discussed in the existing literature. One of the objectives of this article is to discuss these effects in detail and analyze their impact on the overall system model. Also, the boost derived topologies are well suited for the lower power rated PV systems. For higher power levels beyond 3 kW, buck voltage source converter topology is preferred due to its cost effectiveness as it allows larger PV bus voltage magnitudes and reduces the operating current and panel interconnection costs. In view of this, buck topology is widely prevalent in the PV systems, such as grid-tied inverters [13] , dual-mode converters with battery storage [26] , as well as charge-controllers [27] , [28] . The chosen buck charge-controller power circuit configuration is shown in Fig. 1 .
The various contributions of this article with regard to a solar PV charge-controller system are briefly outlined below. First, a small-signal dynamic model of the PV source, as seen from the converter end, is developed, which captures the effect of its storage elements, the interconnecting cable as well as the impact of series-parallel connections of the rooftop PV modules for larger array formation to scale up installation capacity. The parameters of the PV model are analytically estimated based on the physical dimensions and material properties. Further, this is validated through active impedance measurements on the PV using a frequency response analyzer (FRA). Such a PV modeling approach provides a justifying analysis for the applicability of the reduced order PV models for simplified control design. Based on this result and the circuit averaging technique discussed in [29] , a full-order small-signal model for a buck converter-based single-stage PV charge-controller system is developed. Further, it is shown that by appropriately selecting the system components, model order reduction (MOR) of the overall system is feasible. Using this, a reduced order model of the charge-controller system is proposed, which simplifies the transfer-function analysis and control design. Subsequently, various relevant transfer-functions are analytically derived. The control to PV input voltage transfer-function v in / d, which serves as the plant for closed-loop voltage control, is obtained in closed-form for both the full-order and reduced-order models. The transfer-function expressions are experimentally validated through active FRA measurements on the converter. Based on this model, a design procedure for the PV bus voltage control is proposed. Using this, a voltage-based P&O MPPT algorithm is implemented and it is shown that the settling time of the voltage-loop is a critical parameter that determines the minimum time-latency required between consecutive perturbations of the MPPT algorithm. Selection of the MPPT perturbation period T p above this value is shown to exhibit rapid convergence and stable tracking performance. While a choice of T p below this value is experimentally shown to lead unstable MPPT behavior due to erroneous power measurements during consecutive perturbations. The modeling process, transfer-function analysis, and the control design method presented in this article are generalized. This can be extended to the other converter topologies, such as boost, buck-boost, SEPIC-based charge-controllers, that employ voltage-based MPPT scheme and require input bus voltage control.
The remainder of this article is organized as follows. Section II describes the PV charge-controller system considered in this article. Detailed small-signal dynamic model of the PV source is developed in Section III. Small-signal analysis of the overall system and MOR are explained in Section IV. Transferfunction analysis and voltage controller design for the system are presented in Section V, whereas MPPT design is outlined in Section VI. Experimental validation of proposed model and control system design are presented in Section VII on a 1-kVA PV charge controller hardware prototype.
II. SYSTEM DESCRIPTION
The power circuit of the PV charge-controller system considered in this article comprises of a full-bridge buck converter interfacing PV with a power source v s , as shown in Fig. 1 , the ratings of which are listed in Table I . The parameter z s represents the source impedance of v s . The dc-bus is fed directly by the PV source through a series blocking diode D b . The converter is interfaced through an LC-filter to source v s , which is a 36-V Lead-acid battery bank in this case, as the system is a charge-controller. It is pointed out that source v s can also be the utility grid in case of a grid-tied PV inverter system. The control circuit schematic of the single-loop voltage-based P&O MPPT that is employed in this article is shown in Fig. 2 [30] . It can be noticed that the outermost P&O block senses the output power delivered from the system and computes the required PV bus voltage set-point V * pv based on the P&O algorithm, and the inner voltage loop tracks the same. Since the feedback signal for the control loop is the PV voltage, a small-signal model for the PV source is essential for control analysis, which is discussed in the following section.
III. SMALL-SIGNAL MODEL OF PV SOURCE
Typically for PV array modeling, system analysis, and the MPPT design, static single-diode circuit model, such as that indicated in Fig. 3 (a), is considered [7] , [14] , [15] . The static PV terminal voltage V pv and current I pv are related by the following nonlinear relationship:
where I ph is the photo-generated PV current that is a function of the ambient conditions of PV temperature T and irradiation G, I d represents the PV diode's forward-bias current, I s represents the dark-saturation current of the PV diode, n c indicates the number of PV cells in series in a given module, η indicates the diode's quality factor, and R sh and R s represent the static shunt and series resistances of the PV, respectively. The thermal voltage V T = kT /q, where k is Boltzmanns constant, temperature T is in K, and q is the charge of an electron. However, the static PV model is not directly applicable for the dynamic analysis.
A. Dynamic PV Characteristics
Differentiating (1) with respect to PV terminal voltage v pv , and evaluating the expression at quiescent operating point (I pv , V pv ), we get [12] :
Although (3) provides the dynamic PV admittance, it, however, accounts for only the static resistive component of PV source. It can be noticed from the physical semiconductor structure of the PV module that the PV also inherently carries the parasitic storage elements that are not captured in (1) and (3) . These are in the form of the following: 1) diffusion capacitance C d of the PV, due to the forwardbiased Silicon semiconductor junction of the PV cells; 2) equivalent series inductance L s of the PV, caused by the meander-type metalized bus-bars interconnecting various PV cells in series. These dynamic parameters are typically not furnished in the PV data-sheets from the commercial manufacturers. It is, therefore, necessary to estimate their relative values through analytical methods. The dynamic model of the PV source inclusive of the above dynamic elements is shown in Fig. 3 
where v d and r d denote the voltage across the PV diode and its dynamic resistance, respectively, at a given operating point, and R s represents the total series resistance including that of the metallic interconnects. Equations (4) and (5) represent a coupled second-order system description of PV inclusive of its dynamic elements. Therefore, the small-signal PV impedance of a single module is given by
where, ω p = 1 [34] In the canonical representation in (7), ω p is first-order pole of PV impedance constituted by the parallel RC-network, and ω z is a second order zero constituted by the interaction of parallel RC-network with the series-RL network. Here, the elements C d and r d indicated in (8) and Fig. 3 (b) are nonlinear and variable in nature that depend on the electrical properties of the semiconductor employed in the PV cell, quiescent operating point I d , and the ambient operating conditions G, T .
where τ represents the mean lifetime of the carriers [24] . Typically, the current density J d employed in PV solar cells is 35 mA/cm 2 , with wafer doping concentration dominated by the donor Silicon (Si) atoms with an electron mobility of μ n = 1000 cm 2 /Vs, and carrier lifetime of τ = 100 μs [31] . From these typical values, the specific capacitance and resistance of a single PV cell unit (n c = 1), under open circuit (OC) conditions normalized with surface area is given by
Depending on the total number of cells n c in series and the total surface area of each cell, (11) and (12) can be scaled to obtain the parameters of the overall PV module. Also, the parameters R s and L s can be theoretically estimated based on the physical dimensions of the PV module bus-bar interconnections [32] , which are in the form of flat conducting strips having a meandering rectangular coplanar coil disposition [33] as
where the parameters l, b, and w, t represent the dimensions of the PV module and the bus-bar interconnections, respectively. These parameters are listed in Table II for the 300-W monocrystalline PV module HSTBF24300P [34] , which is employed in this article.
For the values indicated, the parameters of the PV module in an OC condition are given by
Based on the analytical estimates, it can be noted that the PV module presents significant capacitance to the power converter along with a series inductance. This analysis is experimentally validated through active impedance measurements.
B. Active Impedance Measurements
Small-signal impedance characteristics of a single PV module are measured actively at the rooftop using a FRA for varying levels of the quiescent PV current I pv . Fig. 4 shows the corresponding measured bode-plots of the PV module, where it can be noticed that the profile matches the impedance structure predicted by (7) .
The measured data in Fig. 4 and the dynamic impedance model in (6) are used for parameter estimation using the Nelder-Mead curve-fit algorithm [35] , and the estimated parameters are tabulated in Table III . It can be noticed that the measured PV parameters closely match that obtained from the analytical expressions in (10), (14) , and (13), a comparison of which is illustrated in Fig. 5 . It can be noted that while the values of parallel elements R p and C d change with the quiescent operating point, the series elements R s and L s are invariant, as they are dependent only on the physical disposition of the PV module structure. However, the variation in the ω p and ω z locations with operating point I pv is less than an octave in the frequency spectrum. Such a variation is relatively insignificant in frequency domain analysis, and hence, can be approximated to be invariant for control design analysis. Thus, this comparison of theoretical and measured PV parameters validates the impedance analysis carried out in Section III-A.
C. Effect of Scaling for Array Formation
If n s identical PV modules are connected in series, the total PV string impedance can be obtained by modifying (6), which is given by
Similarly, if m p identical PV modules are connected in parallel, we get
(20) Thus, under the assumptions of identical PV characteristics and circuit symmetry, series or parallel connections of the PV panels is reflected only as a dc shift in the PV impedance characteristics in frequency spectrum without impacting the pole and zero locations. Thus, the dynamic characteristics of the PV do not change with series-parallel connections of multiple modules.
D. Effect of Cable Dynamics
As indicated in Fig. 1 , in a typical PV installation, the dc cable that interconnects the power converter with rooftop PV comprises of a forward and return conductors enclosed in a conduit. The typical length of the cable varies from 10 to 100 m depending on the size of the facility. For this short range of length, the cable is modeled as a series RL-circuit for the analysis. Let r cab and L cab be the cable resistance and inductance, respectively, as indicated in the equivalent circuit model in Fig. 6(a) , which are directly proportional to the length of the cable. Effect of cable impedance can be obtained by modifying (6) accordingly, given by
Z pv,cab in (21) represents total PV impedance seen from the power converter end, where L s,t = L s + L cab and R s,t = R s + r cab represent the total series inductance and resistance, respectively, on the source side.
E. Discussion
It can be noticed from the comparisons of (21) and (7) that the inclusion of the cable impedance in the model does not impact the system pole ω p , whereas the dc gain of the impedance and the system zeros ω z are affected. This is illustrated in the rootloci of Z pv,cab shown in Fig. 6(b) , for the condition I pv = 4 A and for increasing lengths of a 10-mm 2 interconnecting cable, where the drift in zero locations toward the pole are observed. Due to such a drift, the effect of the pole is nullified by one of the zeros and the total PV impedance in effect, as seen by the converter appears to be that of a RL-circuit. This is illustrated in Fig. 7 , which shows the experimentally measured small-signal impedance characteristics obtained from the power converter end, to include the effect of a 120-m, 10-mm 2 interconnecting cable that is used in the experimental setup.
The measured characteristics for I pv = 4 A is compared in Fig. 7 with the estimated impedance from (21) , based on the parameters obtained from Table III . It can be seen that there is a close match between the two results up to 200 kHz, which validates the expression derived in (21) . The consecutive resonant peaks and valleys observed in the actual measurements in Fig. 7 beyond 300 kHz are due to the high-frequency transmission-line effects introduced by the interconnecting cable that are beyond the range of interest for typical control analysis. For the design purposes, the total PV impedance Z pv,cab appears as a series-RL circuit from the power converter due to the zeros introduced by the interconnecting cable impedance.
In summary, the effects of the PV capacitance along with its inductance, the cable inductance, and the impact of seriesparallel connections are systematically studied. The proposed dynamic model of the PV captures the source dynamics in a broader frequency range up to 200 kHz. The proposed modeling approach provides the justifying analysis for the applicability simplified models for PV, such as R-model discussed in the literature [19] - [22] .
IV. SMALL-SIGNAL MODEL OF CHARGE-CONTROLLER
Using the canonical switching converter model development based on the circuit averaging discussed in [29] , the overall small-signal model of the charge-controller is obtained by integrating the buck converter model with that of the battery and the PV model. Owing to the negligibly small internal resistance of the battery, a simplified resistive model for the same is considered that consists of a voltage source with a series resistance r B [36] , [37] . The resultant overall full-order dynamic model of the buck-converter system is shown in Fig. 8 . The dynamics of the overall system is constituted by the output LC-filter, the input capacitor, and the total PV impedance dynamics, which yields a fifth-order model due to the presence of various energy storage elements in the system. However, it is possible to obtain a reduced order model for the system under certain conditions, as explained in the following.
A. Reduced-Order Model
Since the converter is operated as a charge-controller to feed a battery load, the following system attributes permit a MOR of the overall system. 1) Since a charge-controller feeds battery that is a stiff voltage source, the negligibly small dynamic resistance of the battery r B effectively shorts the output filter capacitor C f , and reduces the system order by one.
2) The interconnecting cable impedance along with the PV inductance cancels the effect of PV diffusion capacitance, that reduces the PV impedance to a series RL-circuit, as explained in Section III-D. This further reduces the system order by one. The above two attributes reduce the circuit model to a thirdorder system. The converter input capacitance C in appears in parallel with the PV impedance Z pv,cab . If C in value is designed to be sufficiently large such that it does not resonate with the inductive part of Z pv,cab in Fig. 7 , then the total converter input impedance is reduced to a first-order parallel RC-network that is devoid of resonance. Hence, the minimum capacitance required to avoid resonance is obtained for the input RLC network using the quality factor condition of q f > 1, which yields
where L s,t represents the total series inductance present on the source side of the converter. Note that such a choice of C in avoids resonance, and thus, prevents amplification of the switching ripple components present in the converter input current. This design choice further results in a MOR, and leads to a secondorder overall system. For the present case, this is evaluated as C in > 200 μF. In view of this, as indicated in Table I , the chosen C in for the charge-controller is five times greater than the minimum value. Such a reduced order system lends itself for simplified control analysis and design. Fig. 9(a) shows the circuit schematic of the reduced order small-signal ac model of the charge-controller. Fig. 9(b) shows the corresponding static dc model. Such a simplified model is employed further for transferfunction development and control analysis, the validity of which is subsequently ascertained through a comparative study with the experimental bode measurements and time domain responses. It may be noted that for the high-frequency switching converters that with lower C in , the effect of resonance caused by the PV cable impedance must be considered, which leads to a higher order system for the control design. This is explained further in Section V.
B. Transfer-Function Analysis
For the calculation of control transfer-functions of the PV charge controller system, the perturbations in PV voltage, battery voltage, and in PV ambient conditions are considered to be zero. Hence, v pv = 0 and v B = 0, G = 0, T = 0, and d is the only input to the system, as seen in Figs. 8 and 9 (a). The frequency range of interest for system control corresponds to 1 kHz, which is 1/10th the switching frequency based on the system parameters listed in Table I . From the dc model in Fig. 9(b) , the steady-state operating points of circuit quantities for a quiescent duty-ratio D are given by
From the reduced order model in Fig. 9(a) , it follows that:
where Z 2 (s) is shown in Fig. 9(a) , and R 2 is given by (23) . For a given perturbation input d in the converter duty-ratio, the resulting perturbation in inductor-current i L is given by the relationship
Similarly, the resulting perturbation in input current i in , owing to d and i L can be computed as
Using (24) and (27) in (28), we get [30] 
From the input current perturbation i in , the resultant input dcbus voltage perturbation v in , as indicated in Fig. 9(a) , can be computed as
The corresponding PV current relationship with duty-ratio perturbation is given by
Equations (27), (30) , and (31) that relate the dynamics of inductor current i L , input voltage v in , and PV current i pv with the duty-ratio d, respectively, are further simplified and rewritten in canonical form as
where the dc gains of the transfer-functions are given by
and the poles and zeros are given by
(39)
C. Discussion
The dc gain of the inductor current transfer-function i L / d in (32) in a PV-fed buck converter is governed only by the equivalent series resistances present in the circuit. And since the total series resistance value in a buck charge-controller is typically quite small, the resultant dc gain k dc,L in (32) is rather large. Thus, the case of a PV-based buck charge-controller is distinct from a traditional voltage mode buck-converter, where the dc gain is governed by the load resistance that is typically much larger than the series resistances in the circuit in a well-designed system.
The input bus voltage transfer function v in / d in (33) is useful for design of voltage-based perturbative MPPT algorithms, such as that indicated in Fig. 2 . It can be noted that the dc gain in (33) is negative, which requires an inversion in the controller for stable operation in closed-loop control. Also, this transferfunction carries two distinct poles. One is caused by the pole of the output filter inductor L, and the other due to the dynamics of the input filter capacitor C in . This suggests that in a PV-based buck charge-controller, the converter input voltage dynamics are not governed purely by the input filter, but are coupled to the output side as well.
V. FULL-ORDER MODEL WITH DETAILED PV IMPEDANCE
Using the detailed PV impedance model developed in Section III-D and ac equivalent circuit of the charge-controller indicated in Fig. 8 , the full-order plant transfer-function v in / d for the system can be analyzed. The total input impedance Z in seen by the converter in this case is given by
The corresponding full-order input bus voltage transfer-function is given by
where k dc,i , p1, and z1, are given by (37) , (38), and (39), respectively. The numerator and denominator coefficients are given by
It can be seen that the charge-controller system presents a fourth order plant, and based on the system parameters, the poles and zero locations can be identified. The voltage controller for v in is designed to meet the design objectives of bandwidth and phase-margin. It may be noted that the full-order model is based on the detailed PV impedance model developed in Section III-D, whereas the reduced-order model uses a simplified resistor model similar to the R-model employed in the literature. The restriction in the applicability of the simplified R-model is exemplified below for the two cases of C in values.
Consider the 900-W charge-controller system specified in Table I , where the PV panel ratings are listed in Table II . For the quiescent operating conditions of I pv = 0.5 A with 120-m cable length, the comparison of plant transfer-function v in / d obtained from the proposed full-order model and the reduced order model of the charge-controller system is shown in Fig. 10(a) . It can be seen that the two are almost identical when a large C in of 1200 μF is used. However, when C in is reduced to 100 μF, the corresponding comparison is shown in Fig. 10(b) . It can be seen that the resonance occurring between C in and the source inductance in such a system is captured only in the full-order model, but not in the R-model. This is because the C in condition in (22) for MOR is not met in the second system, as explained in Section IV-A.
Owing to this resonance, the plant gain and phase characteristics differs considerably from that obtained using the R-model in the frequency range 100 to 20 kHz, which is often the target range of control bandwidth selection. This impacts the design of voltage-controller parameters to meet the required control performance. Thus, as compared to the simplified R-model, the proposed full-order model serves as a comprehensive model for the PV-fed charge-controller. Based on such a full-order converter model, the MPPT voltage-controller is designed to meet the desired control objectives for a given set of system parameters.
VI. CONTROL DESIGN FOR REDUCED-ORDER MODEL
The plant transfer-function G p (s) for the voltage-loop is given by (33) . The plant gains and time-constants in (36)-(39) are evaluated in terms of system parameters and quiescent operating point using (24) and (25) . A proportional-integral (PI) controller H v is chosen for the voltage-loop, so that steady-state tracking error is regulated to zero. The MPPT block dictates the input dc-bus voltage set-point, and H v tracks the dc reference by suitably adjusting the control duty-ratio d. The corresponding small-signal model of the control loop is shown in Fig. 11 , where it can be noticed that an inverting unity gain block is present in the inner loop forward path. This inclusion is to offset the negative dc-gain introduced by the plant G p and ensure stable closed-loop converter operation.
where T v (s) and G c represent the loop-gain and closed-loop transfer-function of the system, respectively.
A. Voltage-Loop Design Procedure
The zero ω c of the PI-controller is selected to nullify the plant pole p2. It is advantageous to cancel p2 by design, whose location is fixed in the frequency domain and determined only by the dc-bus capacitor parameters. This is unlike p1, whose location varies with the quiescent operating point D of the system.
The loop-gain T v (s) after pole-zero cancellation is given by
It can be noted that the zero z1 is well separated from the pole p1 owing to the large scaling factor in (39). Also, the zero z2 is also typically well separated from the system poles as it is caused by the parasitic element r esr of the dc-bus capacitor. Since both the zeros z1 and z2 occur in the high-frequency region, the dominant system characteristics in the frequency range of interest for control are unaffected by their presence. Hence, they are ignored for simplified analysis. This assumption reduces the loop-gain T v (s) to the following form, where the dominant characteristics of the plant are governed only by the system poles:
The corresponding closed-loop transfer-function G c , bandwidth ω bw , and its phase-margin φ m are derived in closed-form as in the following:
where
The PI-controller's dc gain k p is designed based on the bandwidth requirement ω bw of the closed-loop system using (50). It may be noted that since the plant G p is a second-order system, the maximum achievable control bandwidth with a PI-controller is restricted by the phase-margin φ m limit of 180 • for the system. The settling time T set of the system is indicated in (51).
For example, at a quiescent charging current of I L = 0.5 A and D = 0.305, the bode-plots of T v (s) and G c (s) are shown in Fig. 12 for the specifications of φ m = 35 • . The corresponding controller parameters and system bandwidth are indicated in Table IV .
B. MPPT Control Design
The closed-loop control design of the voltage-loop is generalized and is sufficient for implementing any type of perturbative MPPT algorithm, such as P&O or IC methods [7] . In this article, P&O method is employed, as explained in Section II, whose algorithm is widely discussed in the literature [8] , [12] . Since the voltage-loop has a finite settling time T set , this value forms the minimum limit for the perturbation period T p of the MPPT algorithm for an accurate measurement of the power output. Selection of T p = T set achieves stable MPPT operation as well as the fastest speed of the tracking MPP under the start-up and dynamic conditions, thus, improving overall MPPT performance. However, in order to ensure sufficient time-scale separation between the control loops, a 30% design margin is provided such that T p = 1.3T set . It can be noted that such an improvement in tracking speed is achieved through systematic design of the control systems of the charger controller. The design choice of perturbation amplitude Δv p in the PV voltage is made based on [12] . In terms of practical implementation, the sensitivity of the sensors must be adequate such that the feedback measurements are sensitive to this level of variations in the circuit variables caused by Δv p perturbations. Otherwise, this will result in erroneous power measurement. The values chosen in the present case are indicated in Table V . The experimental results for the voltage-loop and the MPPT control design are discussed in the following section. VII. EXPERIMENTAL VALIDATION Fig. 13 shows the hardware setup consisting of the buckconverter, battery bank, a TMS28377S DSP-based digital controller and a N4L PSM3750 FRA. The buck-converter uses a full-bridge topology and is operated using unipolar PWM strategy. For the active frequency sweep characterization, the FRA is interfaced with the DSP and measurements are carried out when the buck-converter is operating in open loop at a quiescent point governed by the constant duty D provided by the DSP, which is set to an appropriate value that sets the other quiescent variables I L , I pv , and V pv . The FRA instrument provides a frequencysweep sinusoidal output signal v o , which is sampled by the ADC of the DSP and used as the duty-ratio disturbance input d, as illustrated in Fig. 14. A sinusoidal duty-ratio perturbation amplitude of | d| = 0.0015 is used, which is adequately small so as to not cause nonlinear distortions and keep the perturbations in measured variables i pv and v in to be sinusoidal in shape [30] . The FRA senses these perturbed variables and correspondingly provides the bode-plots the required transfer-functions. For the verification of the voltage-loop control design and MPPT, the system is operated in closed-loop, as shown in Fig. 2 . is a close match between the two results in the frequency range of interest for all the three cases, which validates the reduced second-order model proposed for the solar PV charge-controller that is discussed in Section IV. The i L / d transfer-function in Fig. 15(a) is seen to have a high dc gain as discussed in Section IV-C. Also, it can be noticed that although this transferfunction carries only a first-order pole at around 100 Hz, the corresponding phase crosses over 180 • at around 4 kHz. This behavior is due to the effect of converter PWM loop-delay function e −1.5sT d that has been included while plotting the analytical bode-plot of (32). The transfer-functions i pv / d and v in / d in Fig. 15(b) and (c) are observed to exhibit over-damped second-order system characteristics with two distinct poles at around 30 and 100 Hz, as suggested by (33) and (34) . In particular, the transfer-functions v in / d in Fig. 15(c) can be observed to have a phase of 180 • at low frequencies, which is indicative of the negative dc gain indicated in (36) , as explained in Section IV-C. The effect of zeros are not observed in both the gain and phase plots within 1-kHz frequency range. This result validates the reduced order charge-controller model and the transfer-function analysis presented in Section IV and Section IV-B, respectively.
A. Transfer-Function Measurements

B. Closed-Loop Dynamic Performance
Based on the voltage controller design carried out in Section VI-A, Fig. 16(a) shows the dynamic response of the voltage-loop showing the PV bus voltage v in and current i pv variables, as obtained from the analytical expression in (48) for a 10-V step change in PV voltage command from DSP, from 115 to 105 V. Fig. 16(b) shows the corresponding experimentally measured behavior, which indicates a close match with the analytically predicted response in the two variables. It can be noticed that the measured settling time T set of the voltage-loop is about 30 ms, as calculated in Table IV . This result validates the accuracy of the control design presented in Section VI-A for the charge-controller system. Fig. 17 shows two performance characteristics in a single oscillogram, namely, the disturbance rejection of voltage-loop during varying ambient solar irradiation G, as well as the dynamic step-response of the loop for a reference command change. Since actual rooftop PV panels are employed in this article rather than electronic PV emulators, this waveform that shows the effect of irradiation variation, is captured during actual cloud movement in the sky. In order to illustrate the disturbance rejection performance of the voltage control loop, an offset of 118 V is provided to the v in trace and represented on a magnified scale of 5 V/div. It can be seen that v in is tightly regulated even though there is a change in irradiation level from t = 0 s onward. Correspondingly, owing to the changing ambient irradiation, the PV current i pv slowly varies with time as the PV voltage-loop adjusts the duty-ratio proportionately to reject the disturbance in G. Due to this, both the inductor current i L and the operating PV power vary with time in order to tightly regulate v in . Also, a 5-V step-change in reference command V * pv is provided at t = 12.5 s. This set-point change is accurately tracked by the voltage-loop as per the design in Section VI irrespective of the changing irradiation conditions. Fig. 18(a) shows the zoomed experimental start-up performance of the MPPT for the perturbation period is selected such that T p = 0.3 T set , which is lower than the loop settling time T set as indicated in Table V . In this case, the power measured by the P&O algorithm is erroneous as measurement is carried out even before the converter variables settle in steady-state, which leads to nonconvergence of the MPPT. The unstable behavior can be seen, where the PV current i pv rapidly reaches short-circuit level after the enabling of MPPT, and the PV bus voltage v in continuously falls without converging to a steady-operating point. When the PV bus under-voltage (UV) limit is eventually reached, a UV fault is declared and the converter trips. Hence, the typical assumption that the power converter dynamics can be ignored for the MPPT design can lead to a faulty system performance. On the other hand, Fig. 18(b) shows stable MPPT startup performance for T p = 1.3 T set . In this case, rapid MPPT convergence and stable system operation can be observed. Such a stable behavior is due the time-scale separation that is ensured between the PV bus voltage-loop and the MPPT control loops. This result validates the improved performance that is achieved through systematic control design of the PV charge-controller. 
C. MPPT Control Performance
VIII. CONCLUSION
In this article, the effects of PV source capacitance and inductance present in a typical PV module are analyzed along with the interconnecting cable dynamics, and a comprehensive PV source model is proposed. It is shown that the series-parallel connection of the panels for scaling up installation power level does not impact its pole-zero locations, but affects only the dc gain. The proposed PV model is validated through active bode-plot measurements carried out on a rooftop PV installation, where an accurate match is observed up to 200 kHz. Using this, a fourth-order small-signal ac model for the overall PV-fed buck converter is obtained. It is shown that by operating the buck converter as a battery charge-controller and by appropriate selection of input dc bus capacitance, MOR is feasible. A reduced second-order model of the system is proposed, which simplifies transfer-function analysis and control design. Various relevant transfer-functions of the system are analytically derived. The transfer-function expressions and its simplifications are validated through active bode-plot measurements on the converter. Based on this model, a procedure for systematic design of the PV bus voltage-loop controller is proposed, which is validated through experimental step-response of the system in a closedloop. A voltage-based P&O MPPT scheme is implemented and it is shown through experiments that the perturbation period of such a MPPT algorithm should be greater than the settling time of the control-loop for the MPPT convergence and accurate tracking performance. Thus, the time-scale separation required between the converter bandwidth and the speed of the MPPT control algorithm is ensured through systematic design. The experimental results in the form of closed-loop dynamic responses and accurate MPPT performance validate the accuracy of the proposed charge-controller model and its control design procedure. The system modeling process and control design method discussed in this article are generalized and can be extended to other converter topologies as well.
